This study investigated fluid and electrolyte balance in well-trained male and female swimmers during 2 training sessions. Participants were 17 nationally ranked swimmers measured during a period of intensive training. Sweat loss was assessed from changes in body mass after correction for fluid intake and urine collection. Sweat composition was measured from waterproof absorbent patches applied at 4 skin sites. Air and pool-water temperatures were 36 °C and 27.4 °C, respectively. Training lasted 105 min in each session. All measured variables were similar on the 2 testing days. Mean sweat-volume loss was 548 ± 243 ml, and mean sweat rate was 0.31 ± 0.1 L/hr. Mean fluid intake was 489 ± 270 ml. Mean body-mass loss was 0.10 ± 0.50 kg, equivalent to 0.1% ± 0.7% dehydration. Mean pretraining urine osmolality was 662 ± 222 mOsm/kg, which was negatively associated with both mean drink volume consumed (p = .044, r 2 = .244) and mean urine volume produced during training (p = .002, r 2 = .468). Mean sweat Na + , K + , and Cl -concentrations (mmol/L) were 43 ± 14, 4 ± 1, and 31± 9, respectively; values were not different between males and females and were not different between days except for a marginal difference in K + concentration. The average swimmer remained hydrated during the session, and calculated sweat rates were similar to those in previous aquatic studies.
Elite swimmers in training have high energy expenditures on account of the prolonged, strenuous nature of swim training (Sharp, 2000; Troup, Strass, & Trappe, 1994) . The energy demands of a single training session will vary with the stroke used, the swimming speed, and the technical skill of the swimmer, but intensive training, whatever the stroke, will result in high rates of metabolic heat production. The thermal conductivity of water is approximately 1.43 × 10 -3 cal · s -1 · cm -1 · °C -1 , which is approximately 25-fold greater than that of air, so the main avenues of heat loss in swimming are convection and conduction (Costill, Cahill, & Eddy, 1967) . On immersion in water, the skin temperature quickly reaches thermal equilibrium with the surrounding water (Nadel, Holmer, Bergh, Astrand, & Stolwijk, 1974) . Depending on the water temperature and the intensity of the exercise, there is usually little challenge to thermoregulation, and swimming-pool temperatures are set so that body temperature is well maintained. The optimal water temperature to prevent hyperthermia in hard swimming, however, will be somewhat less than that necessary to prevent high rates of heat loss in recreational swimmers, and the shared use of most pools means that elite swimmers in intensive training are likely to be subject to some thermal stress. Costill et al. reported that the increase in rectal temperature during 20 min of submaximal swimming was directly related to the water temperature in the range of 17-34 °C. There is little scope for evaporative heat loss during swimming because most of the body is immersed in water; the areas of skin surface that are exposed to air are, in any case, wet, so sweat secretion would seem to serve little purpose. Indeed, swimmers who train exclusively in water are less heat acclimatized and produce less sweat for a given thermal stress than individuals who train in an air environment (Henane, Flandrois, & Charbonnier, 1977; McMurray & Horvarth, 1979) . This suggests that strenuous exercise in water may not give rise to sufficient thermal stress to promote a significant body-water loss, and hence swimmers may not require additional fluid intake to maintain euhydration.
There is an extensive body of published literature on the thermoregulatory responses to water immersion and swimming, but most of this relates to survival during immersion in cold water, and most studies have used low swimming speeds and relatively untrained swimmers (Troup et al., 1994) . In contrast to the large amount of data available on thermal responses to running or cycling, however, there is little published information on thermal responses of trained swimmers at speeds representative of a typical training session. Nielsen and Davies (1976) found that the elevation in core temperature with swimming was less, by 0.4 °C, with swimming than with cycling at the same relative power output. Lemon, Deutsch, and Payne (1989) also found that mean sweat rate during swimming (0.48 L/h) was lower than in similar-intensity cycling (1.5 L/h) or running (1.1 L/h). An abstract published in 1993 suggests that core temperature may rise by 1-2 °C in a 2-hr training session in which 8-10 km is covered (Barzdukas, Trappe, Jozsi, Gregg, & Troup, 1993) . Taimura and Sugahara (1996) reported a mean increase in core temperature of about 1 °C in 9 male swimmers who completed 20 repeated 50-m swims in about 35 s each with a 1-min rest between swims.
The published information regarding sweat loss during swimming is equally sparse, perhaps reflecting the assumption that losses are likely to be small and unimportant. The rate of sweating is commonly estimated from changes in body mass; even though this requires some assumptions, the errors are relatively small when sweat rates are high (Maughan, Shirreffs, & Leiper, 2007) . In addition to water, significant losses of electrolytes, especially sodium, can occur when sweat losses are high. Sweat composition can vary greatly, depending on sweating rate and state of heat acclimation, with a large interindividual variability also present (Shirreffs & Maughan, 1997) . Recent data suggest that a typical football training session lasting about 90 min results in mean sweat sodium losses of about 100 mmol, but losses can range from less than 50 to more than 130 mmol (Maughan, Merson, Broad, & Shirreffs, 2004; Maughan, Shirreffs, Merson, & Horswill, 2005; Shirreffs et al., 2005) . This corresponds to a salt (sodium chloride) loss of about 3.1-7.8 g. During preseason twice-daily training, this means that the sodium losses in sweat for some individual players will be far in excess of the upper level of dietary salt intake recommended to the general population (Food Standards Agency, 2008) . There appear to be no published data on sweat electrolyte losses in swimmers.
The aim of this study was therefore to assess sweat loss, fluid intake, and sweat electrolyte losses in elite male and female swimmers and to measure the reproducibility of these data.
Methods
Participants for this study were 17 elite-level swimmers (9 men, 8 women) who were training at the time of the study for the Commonwealth Games selection trials in a variety of distances and strokes. Prior approval for the study was obtained from the Loughborough University Ethical Advisory Committee, and all participants gave their written consent to participate after having been informed of the nature of the study. The male participants were the same M ± SD age (19 ± 1 year) as the females (21 ± 3 years) but were taller (183 ± 8 cm) and heavier (78 ± 8 kg) than the female participants (167 ± 6 cm, 64 ± 5 kg).
Data were obtained from the swimmers during midseason high-intensity intervaltraining sessions lasting 105 min, during which a total distance of 5,000 m was completed. All were training twice daily. One squad (6 males, 3 females) was tested in the morning between 5:30 and 7:15 a.m.; the other squad was tested between 6:15 and 8 p.m. Nine male and 8 female swimmers repeated all measures on a second training session 2 days later; both sessions were completed at the same time of day. All sessions took place in the same indoor pool where the mean water temperature was 27.4 °C (range 27.3-27.4 °C) and air temperature in the pool area was 36 °C.
When they arrived at the pool, a pretraining urine sample was collected from all participants for measurement of osmolality. Participants were encouraged to empty the bladder as fully as possible. They then changed, showered, and toweled dry before nude body mass was measured using a digital balance readable to 20 g. Swimmers each provided their own drink bottles and were asked to follow their normal drinking practices. Drink bottles were weighed (to 2 g) before and after training; swimmers were instructed to drink only from their own bottles and not to spit out any drink. If a swimmer left the pool to pass urine during the training session, this was collected and the mass of the sample measured. No swimmer passed any feces during any of the training sessions, so no correction was necessary for this potential avenue of mass loss. After training, which lasted 105 min, participants again toweled dry before nude body mass was recorded. Sweat loss was calculated from the change in body mass after correction for the mass of ingested fluid and for any urine passed during training. Mass loss resulting from substrate exchange and respiratory water loss was ignored, because this would have been a small component of the total mass loss (Maughan et al., 2007) .
Sweat samples were collected by application of absorbent gauze pads protected by a nonporous plastic film (Tagaderm + Pad, 3M, Loughborough, UK) to the skin at four sites (forearm, chest, back, and thigh). The skin was thoroughly cleaned with de-ionized water and dried with an electrolyte-free gauze swab before application of the patches. All swimmers routinely removed body hair, so shaving the areas to which patches were applied was not necessary to ensure adhesion. The patches remained in place throughout the training session; after training the outer plastic surface of the patches was washed with de-ionized water and dried with a clean swab before they were removed with the use of clean plastic forceps and transferred to individually preweighed and numbered sealed, airtight containers. Patches were not weighed individually; mean mass of the patches was 0.3762 g, and mass was found to vary by 1.5% based on measurements made on 100 patches. This variation is insignificant relative to the typical mass of sweat collected (about 1-2 g), so the mean value was used. In pilot studies the permeability to water of the patches was assessed by application of water-soaked patches to a glass beaker that was left for several hours in a warm environment. No mass loss occurred, confirming the impermeability to water of the plastic film. There is no reason to suppose that the plastic would respond differently in an aqueous environment.
Analyses
The amount of sweat in each patch was calculated from the weight change of the patch plus container. An accurately weighed amount (approximately 2.5 ml) of distilled deionized water was added to each container, which was then thoroughly mixed by shaking before centrifugation. The supernatant from each sample was then analyzed in duplicate for electrolyte concentration (Na 
Statistical Analysis
Data were normally distributed, so descriptive statistics are presented as M ± SD. Comparisons between males and females were made using Student's t test for independent variables, and the responses on the two training days were compared using a paired t test. Correlation analysis was performed by least-squares regression. Differences in regional sweat electrolyte concentration were determined by one-way ANOVA and Tukey's honestly significant difference test. The significance level was set at .05.
Results
Nine of the 17 swimmers lost mass during the session (Table 1) , but there was no significant change (p > .05) in body mass for the whole group during the training sessions (Day 1: -0.13 ± 0.49 kg; Day 2: -0.08 ± 0.55 kg). Averaged over the two training sessions, there was a significantly different response (p < .01) in the males, who lost 0.21 ± 0.49 kg, from that of the females, who gained 0.02 ± 0.51 kg. Fluid was consumed on both occasions by 16 of the 17 swimmers: One swimmer consumed no fluid on either testing occasion. Mean fluid intake was not different between the two testing days (p = .179) and amounted to 523 ± 281 ml on Day 1 and 455 ± 295 ml on Day 2, with a range of 0-1,085 ml on Day 1 and 0-882 ml on Day 2. The volume of fluid consumed by male swimmers was 610 ± 314 ml on Day 1 and 458 ± 338 ml on Day 2, with a mean of 534 ± 310 ml over the two sessions. Female swimmers consumed 426 ± 216 ml on Day 1 and 451 ± 262 ml on Day 2; their mean intake was 439 ± 226 ml. There was no difference between males and females (p = .485). These mean values equate to 6.9 ± 3.7 ml per kg body mass (6.8 ± 3.7 ml/kg for the males and 7.1 ± 3.9 ml/kg for the females).
After correction for fluid intake and urine output in the swimmers who passed urine, estimated mean sweat volume lost was 548 ± 243 ml (125-997 ml), which equates to a mean sweat rate of 0.31 ± 0.14 L/hr (0.07-0.57 L/hr). There was no significant relationship between the total volume of sweat lost during training and the volume of fluid consumed.
Sweat electrolyte concentrations are shown in Tables 2 and 3 . There were no differences in sweat electrolyte concentrations between males and females. With the exception of a marginal difference in potassium concentration, there were no differences in sweat electrolyte concentrations between the two testing days.
Pretraining urine osmolality was 633 ± 252 mOsm/kg on Day 1 and 691 ± 284 mOsm/kg on Day 2 (p = .437). Over the two testing days, the range of urine osmolality values was 240-989 mOsm/kg; three samples with values of more than 900 mOsm/kg were provided. Eleven swimmers interrupted training to pass urine over the 2 days, with the highest volume of urine produced being 354 ml. Mean pretraining urine osmolality was 662 ± 222 mOsm/kg, which was negatively associated with both mean drink volume consumed (p = .044, r 2 = .244) during training and the mean urine volume produced during training (p = .002, r 2 = .468). 
Discussion
These results suggest that sweat losses during swimming are generally small, even when intensive prolonged swim training is performed by well-conditioned athletes. All but 1 of the swimmers in this study chose to consume fluids during training, but the extent of body-water loss was generally too small to have a meaningful effect on health or performance, even if no fluid had been consumed. About half the study group gained body mass during the training session, suggesting that many swimmers may drink more during training than is necessary.
Previously published data on sweating responses and drinking behavior of trained swimmers are relatively sparse and are presented in Table 4 .
Most of the published data show sweating responses similar to those observed in the current study, with the exception of the study of Cade et al. (1991) , in which much higher sweat losses were reported. Cade et al. found rather higher mean sweat rates of 1.18-1.62 L/hr for members of a university swim team during 2 hr of hard swim training. The swimmers in that study also showed large elevations in rectal temperature during training (mean increases of about 2 °C in male swimmers when drinking water during training), although both the elevation of core temperature and the sweating rate were markedly reduced in swimmers who were given a carbohydrate-electrolyte drink in place of water. The focus of that study was on muscle damage rather than fluid balance, however, and no details of the environmental conditions or of the water temperature were reported. In outdoor pools, there is likely to be significantly more radiant heat gain and also greater evaporative loss from the skin while not in the water, but it is not clear whether this was an outdoor pool. Robinson and Somers (1971) reported rates of weight change of 2 Olympicmedal-winning swimmers during a 60-min freestyle training session at an average speed of about 1.2 m/s. When the pool was maintained at about 33 °C, sweat rates were 1,100 and 1,036 g/hr, but when the water temperature was reduced to about 29 °C, the rates of weight change for the 2 swimmers were 285 and 607 g/hr. This is a substantially higher swimming speed than that of the current participants, whose average swimming speed over the whole session was about 0.8 m/s. Lemon et al. (1989) reported an estimated mean sweat rate of 0.48 L/hr for swimmers undertaking about 60 min of interval swim training at a water temperature of 27 °C. Similar sweat rates were found in studies carried out on well-trained Australian swimmers: Those studies indicated a mean sweat loss of 0.42 L/hr for male and 0.31 L/hr for female swimmers during training sessions, and water polo players lost about 0.29 L/ hr of sweat during training and 0.79 L/hr of sweat during competition (Cox, Broad, Riley, & Burke, 2002) . Leiper and Maughan (2004) used a stable-isotope-tracer method to measure water turnover and reported that the calculated mean nonrenal daily water loss over a 7-day period was higher in young female swimmers (2.79 L/day) than in control participants (0.79 L/day). This suggests that sweat losses, which normally account for most of the nonrenal water turnover, may be substantial in these swimmers, who covered an average distance of 6 km/day in training.
It does appear that tolerance to passive heating and the associated sweating responses are less well developed in swimmers than in land-trained athletes (Taimura et al., 1998) . This is consistent with the suggestion that high heat stress is not incurred during swimming training.
The measured sweat electrolyte concentrations are broadly similar to those reported in other groups of athletes in training and competition using the same methods of collection and analysis Shirreffs et al., 2005) and are also within the normal ranges for untrained but healthy young men and women (Shirreffs & Maughan, 1997) . Because the total volume of sweat lost during training is small, the total amounts of electrolytes lost are correspondingly small, and replacement during training does not seem to be a priority.
Human skin has a low permeability to water, but some water will be absorbed into and through the skin during immersion, and this may cause an underestimate of the sweat losses incurred. Jacobi (1958) showed that the water content of the superficial skin layers varies greatly between individuals, and the ability of these layers to absorb water is very much dependent on the presence of sebum and other soluble materials. It has been estimated that about 400 ml of water may have been absorbed by each of the swimmers per hour spent immersed in water (Scheuplein & Blank, 1971) . In addition, an unknown amount of swimming-pool water may have been ingested accidentally during the training session, even though the participants were asked to avoid this as far as possible.
The pretraining urine osmolality data suggest that swimmers were generally well hydrated on arrival at the pool for training. This observation is supported by the fact that training was interrupted on several occasions by the need to pass urine, although the volumes passed were generally small. This was in spite of the collection of a pretraining urine sample for measurement of osmolality, when swimmers were encouraged to empty the bladder as fully as possible. Water immersion can cause a redistribution of body fluid leading to hemodilution and subsequent diuresis and an urge to pass urine (Greenleaf, 1984) . The importance of producing complete urine collections was impressed on all the participants, but some urine may have been excreted during training in the pool that was not noticed. Urine samples were collected from all swimmers before training for the assessment of osmolality, and no participant reported any uncollected urine voiding. Swim-trained individuals possess a greater total blood volume than do sedentary people (Jones, Davy, Desouza, & Tanaka, 1999) , and swimming exercise actually produces a decrease in plasma volume and less urine excretion than is stimulated by immersion in water at rest (McMurray, 1983) . The diuresis stimulated by immersion to the neck in water is relatively small in swimmers, and the average rate of urine production is about 3.8 or 1.34 ml/min for swim-trained participants whether fluids have (Claybaugh et al., 1986; McMurray) or have not (Convertino, Taatro, & Rogan, 1993) been ingested. The volume of urine produced during the training sessions in the current study is likely to have been on the order of 60 ml/hr (McMurray). It is doubtful that this volume would have stimulated a need to urinate, especially with the added stress of training, and even if this volume had been voided into the pool during each training session it would have introduced only a slight error in the estimate of sweat losses. In conclusion, the sweat rate is generally low in swimmers even during an intensive and prolonged training session. The sweat electrolyte concentrations measured in swimmers during training are similar to those measured in other athletic groups, but, because of the low sweat rates, total electrolyte losses are generally small.
